Abstract: In this paper, we propose surface plasma polaritons (SPPs) propagating along the structure of grating grooves based on highly doped silicon, which exhibits better performance of exciting SPPs than metal at low frequency (e.g., microwaves, mid infrared, and terahertz). The dispersive properties of the gradient-corrugated grating waveguides are characterized using the computer simulation technology microwave studio. Moreover, the propagation characteristics of the highly doped silicon grating structure are analyzed in detail by the dispersion curves, two-dimensional electric field magnitude distributions, the propagation loss, and the SPP lifetime. It is demonstrated that the gradient-corrugated grating waveguides based on heavily doped silicon could excite SPPs and realize rainbow trapping. The lifetime of the plasmonic mode can reach a value of 1200 ps, which may be long enough for some meaningful nanophotonic applications. The highly doped silicon is an ideal candidate for making practical use of the slow-light system in optical communication and various nanophotonic circuits, which permits further application for compact plasmonic devices.
Introduction
Electromagnetic (EM) wave propagating at the interface between two materials with opposite permittivities are called surface plasma polaritons (SPPs) [1] - [4] , which exhibit an exponential decay in the perpendicular direction simultaneously. SPPs are used for the surfaces and thin films spectroscopy due to their two-dimensional nature and strong electromagnetic field at the interface. Since SPPs have large field enhancement, it can be applied to miniaturize photonic component, overcome diffraction limit, and fabricate more compact plasmonic devices and circuits [5] . Recently, based on SPPs the rainbow trapping has attracted tremendous research interests [6] and various theoretical models show that specially designed plasmonic waveguide or metamaterial could slow down or stop light at different spatial location along the waveguide at different wavelengths. Exploitation of rainbow trapping phenomena has potentials for the applications, such as storing optical information encoded in light pulse or introducing time delays into photonics circuits for synchronizing different signals [7] , [8] . When optical pulse trains transmit though slow light waveguides, they will be delayed by a few bits allowed for optical buffers [9] . In addition, according to the special phenomenon of slow light [10] , the rainbow effect can be used to optical signal processing or enhancement of light-matter interaction [11] . Being a special case of energy density compression accompanied with slow light may be used in the applications such as improving nonlinear properties of materials with a small feature size [12] . What's more, a large group index of slow light always results in the large effective refractive index, which can strongly support the performance improvement of optical switching [13] . Among numerous research on the methods to trap light with different waveguides, most of them are focused on photonic crystal waveguides. Promising efforts have been made to slow light in photonic-crystal waveguide with 2-d or 3-d structure, such as quantum-dot emitters and concentric circular grooves [14] , [15] . However, it's still a challenge to stop light completely at room temperature for poor electric property and difficult implement in photoelectronic devices at high temperature. Up to now, in order to trap electromagnetic waves efficiently, many architectures have been utilized such as grating on graded metallic surface [16] , waveguide trapper on the insulator-metal-insulator [17] , trapper on the metal-insulator-metal [18] , [19] , the framework of insulator-negative-index-insulator [20] , [21] , and only recently reported hyperbolic metamaterial structure [22] . In another way "rainbow trapping" is reported to open an attractive way to stop light with graded grating structure [23] , [24] . The group velocity of metal-dielectric-air graded grating model is demonstrated to be c/4.9 [24] . It was shown that rainbow trapping has a capacity to slow light at different location and the speed of light could be reduced over a wide range of temperature and wavelengths, which offer significant advantages for optoelectronics applications [23] .
So far, promising efforts have been made to efficiently trap electromagnetic waves with graded grating structures. Most of the work is focused on metallic grating structure, such as the gratings on PEC, gold, copper or silver interface [25] - [27] . The permittivity of semiconductor at terahertz (THz) or microwave frequency is comparable to that of metal at optical frequency. For the incident can couple efficiently to free charge, plasmonic effects require that the penetration of the electromagnetic radiation in the material is significant. This coupling will become stronger for a low value of permittivity ϵ, and ϵ is determined by the plasma frequency v p , which is closely related to carrier density. When | | ≥ 10 5 at terahertz frequency, the plasma frequency of metal becomes much bigger leading to a long SPP decay length, which limits the application of low-frequency plasmonics [28] . Although metal like silver can also excite SPPs at THz domain, the performance of the rainbow trapping system is sensitive to the temperature [29] . The temperature-dependent problem can be solved by using heavily doped silicon, because silicon is not as sensitive to temperature as metal. For example, the thermal expansion coefficient of silver is about 18.9 × 10 −6 K −1 , and that is about 2.2 × 10 −6 K −1 of silicon, the corresponding change of feature size is 0.189% for silver and 0.022% for silicon. The negligible effect of thermal expansion makes silicon a candidate of device fabrication. In this respect, semiconductor is much more suitable than metal for exciting plasmonics in the THz regime: semiconductor provides a much lower permittivity than metals because of a smaller carrier density than metal [30] . Moreover, the highly doped silicon behaving as metals at low frequency makes it possible to excite SPPs at midinfrared, THz, and microwave frequencies [31] . A decisive advantage of semiconductor is that it could provide a possibility to tune its permittivity by carrier doping. Therefore, compared with metal, highly-doped silicon can be a comparable competitor in slow light applications based on plasmonic graded structure. The recent observation of low-frequency active plasmonics using doped silicon is reported, but they only got the dispersive curves. Further investigation need to be done to reveal the property of rainbow trapping of highly doped silicon [32] .
In this letter, we present the SPPs pulses propagating on the structure of grating grooves along highly-doped silicon surface. The SPPs dispersion relation could be reconstructed with appropriated doping and optimized dimension parameters, and then the dispersive properties and the propagation characteristics of the gradient-corrugated grating waveguides are characterized using computer simulation technology (CST) microwave studio. We extract the propagation loss α and group velocity v g by analyzing the dispersion curves, 2D electric field magnitude distributions, then the SPP lifetime could be calculated. This design strategy can be applied for novel plasmonic slow light devices, which will pave the way towards the applications for making practical use of photoelectric integrated circuit.
Device Structure
The proposed grating structure is shown in Fig. 1 , we consider corrugated graded grooves which change gradually on a nonuniform semiconductor strip to examine the dispersion properties, using the eigenmode solver of commercial software, CST Microwave Studio. In this structure, p is marked as the period, h represents the depth of groove, d represents the groove width and a represents the width of the spacing bar. To obtain gradient-depth grooves, h changes periodically along the x direction. The width and height of strip are denoted as W and H, respectively. In recent years, a series of discovers reveal the influences of the groove parameters on the EM transmission [33] - [35] . In order to excite plasmonics, the height H for the strip is 550 μm, and period p = 235 μm the thickness along the z direction is assumed as 70 μm. The proposed groove depth increases from 100 to 400 μm with a step of 10 μm. d and a define the groove size which are set to be 70 and 165 μm, respectively. Nowadays, the semiconductor manufacturing process has entered the nanometer scale, and the grating structure we proposed is micrometer scale, therefore the influence of fabrication tolerance on the performance could be negligent. Such a structure could be obtained through gray exposure technology, and the etching technology of the silicon process is mature enough to control the fabrication tolerance at the nanometer level. In addition, the heavily silicon-doped process and dry etching are also needed in this fabrication.
Results and Discussion
In order to investigate SPPs propagation characteristics of the highly-doped silicon, we first discuss the characteristic of dispersion relation of the uniform grating with a constant period. The dispersive relation for the electromagnetic waves propagating along heavily n-doped silicon strips with different groove depths is illustrated in Fig. 3(a) . The material used for our strips is highly doped silicon with a carrier density of 10 18 cm −3 . The periodic groove depths for different n-doped silicon strips vary from 100 μm to 400 μm at a step of 100 μm. The permittivities we used in calculation are obtained from Fig. 2 , which provides the important parameters for Drude model of doped silicon. The Drude mode of doped silicon is:
in the equation, angular frequency is represented by ω, angular plasma frequency is represented by ω
ε 0 m * ), and γ represents the damping rate, the m * represents the effective mass of the electrons, and N represents the carrier concentration. For comparison, the permittivity of gold is also shown in Fig. 2 . The permittivity of gold is also calculated for the Drude model and is over Fig. 2 . The real part and imaginary part modulus of the permittivity of doped silicon obtained by the Drude model as a function of the frequency and of the carrier concentration. We extract parameters from this model and calculate the collision frequency and plasma frequency. This figure refers to [29] . three orders of magnitude higher than that of doped silicon. As the electromagnetic energy density at the interface is derived from absolute value of the permittivity which is influenced by the plasma frequency, the plasma frequency of metal in the electromagnetic spectrum is usually in the ultraviolet or visible part. When | | ≥ 10 5 of gold at THz frequency, the plasma frequency is much larger than that at ultraviolet or visible part, which leads to a long SPPs decay length on the order of several centimeters. The plasma frequency of highly-doped silicon is much smaller than metal, which is attributed to the lower carrier densities in silicon. Thus, highly-doped silicon excites SPPs at THz frequency more appropriately because of its much lower permittivity than metal [30] .
For a given phase difference as a variable swept from 0°to 180°between the periodic boundaries as shown in Fig. 3(a) , the cutoff frequency of SPPs at different highly-doped n type groove depths in the THz frequency is different. It can be seen that the cutoff frequency of this SPPs rapidly decreases along with the increase of groove depths due to stronger confinement of the SPPs waves. Corresponding to the groove depths of 400 μm, the minimum cutoff frequency is 0.144 THz. As the depth reduces, the values of cutoff frequency also increase significantly (i.e., for h = 100 μm, the cutoff frequency is 0.264 THz). We take a single period of the grating structure for analyzing. In this system, the highly-doped silicon in the bottom is defined as the first layer and the silicon for the groove above the bottom is defined as the second layer. The dispersive relation of this highly-doped silicon grating structure can be express as [27] :
where
represent the wave vectors of the SPPs in the silicon-air model (k s1 is the wave vector of SPPs in the silicon of first layer, k s2 is the wave vector of SPPs in silicon of the second layer and k a is the wave vector of SPPs in air of the second layer). And n e f f (= β/k 0 ) represents the total effective refractive index of this single period structure. The propagation constant of TM mode in the whole structure is represented by β and wave vector of light in the air is represented by k 0 (= 2π/λ). The dielectric constants of the silicon, and air are represented by ε s and ε 0 , respectively. The h represents the thickness of the mixture, the n e f f = n e f f + jn e f f and k x = n e f f ω/c demonstrate that k x increase with n e f f . As (2) shows the dependence of n e f f on the h, which increases with h for a given λ. However, the n e f f decreases with λ for a fixed h. Since h is related to groove depths, as groove depths vary from 100 to 400 μm, the n e f f increases with h. Because of the fact that n e f f increases with h for a given λ, our simulation reveals an obvious reduction of the frequency with the increased h. It can be seen that, at h = 100 μm, the cutoff frequency is 0.261 THz, and at h = 400 μm, the cutoff frequency shifts to 0.144 THz. Fig. 3(b) demonstrates that SPPs pulse propagates through the heavily p-doped silicon grating. This device is the same as the structure we used for n-doped silicon with periodic groove depths. The silicon strip we used is highly doped with a carrier density of 5 × 10 19 cm −3 . It demonstrates that different SPPs characteristics are due to the different permittivities of the semiconductor which result from different doping concentrations. There is a distinct tendency that the cutoff frequency decreases with deeper grooves. The tendency are both observed in p-doped and n-doped structures. As a function along the propagation direction, the cutoff frequency varys from 0.123 to 0.313 THz as the corresponding groove depths vary from 400 to 100 μm at a step of 100 μm. There are also singular points on the propagating curves, which is the same as the tendency shown in Fig. 3(a) .
To interpret the dispersion properties of SPP mode in the graded grating waveguide for highlydoped n type silicon which is shown in Fig. 1 , the 2D electrical field magnitude distribution of the gradient-corrugated strip is calculated. The length of the strip is 7450 μm with 31 periods and the depth of grating is varying from 100 to 400 μm along the propagation direction at a step of 10 μm. The electric field magnitude distribution of TM-light mode for the graded grating structure is calculated using COMSOL Multiphysics. From Fig. 4 , it can be clearly seen that the SPP waves are trapped on the silicon strip at different locations as the frequency increases. The propagation distance for the whole periodic grating waveguide is shortened step by step along the frequency increases, and the simulation indicates that the group velocity of SPPs falls to zero at the location along x direction at 4630 μm, 4395 μm, 3925 μm, 1810 μm for the frequency 0.144 THz, 0.149 THz, 0.172 THz, 0.261 THz, respectively. The frequency of EM wave stopping is corresponding to the cutoff frequency validated in Fig. 3 . The highly doped silicon behaves like metal at low frequency. When compared with the highly p-doped silicon strip with a carrier density of 5 × 10 19 cm −3 used in Fig. 5 , the lower doping concentration of n-doped silicon with a carrier density of 10 18 cm
leads to more light leakage along the propagation at n-doped strip and the non-distinctive trapping performance.
To further explore the electric-field distribution in heavily p-doped silicon structure, the simulation of the gradient-corrugated strip is demonstrated in Fig. 5 . As we can see, the propagation distances at the spoof plasmonic graded grating waveguide reduce along the increase of frequency, which corresponds to the same trend shown at highly doped n type silicon strips. What's more, the SPPs are trapped at x = 7215 μm, 6980 μm, 4160 μm, 2045 μm in the frequency of 0.123 THz, 0.160 THz, 0.220 THz, and 0.313 THz, respectively. The frequency of this calculation corresponds with the cutoff frequency in Fig. 3 . The propagation distance is shortened as the frequency increase. Compared Fig. 6 . Simulated electric field vertical |E z | distributions of the designed spoof plasmonic graded grating waveguides along the x direction for groove depths and the distribution is 1 μm above the grating surface. The constant groove depth is 100, 200, 300, and 400 μm, respectively. The α is extracted by exponential curve fitting.
with Fig. 4 , the heavily p-doped silicon grooves have stronger confinement for SPPs mode than n-doped grooves. And there is a light field leakage along the propagation at n-doped strip. As shown in Fig. 3 , the dispersive curves of heavily p-doped silicon are closer to the lightline than the curves of n type, which indicates stronger confinement of p-doped grooves. At THz frequency, the heavily p-doped silicon behaves like metal at visible spectrum with the similar order of magnitude for n refractive index and k extinction coefficient. Because of the higher doped density, the EM property of slow light for highly-doped p type silicon grating structure is better than that of n-doped.
In order to demonstrate the feasibility for practical applications, the lifetime of the heavily p-doped plasmonic mode is estimated, the expression we used is [25] 
α in this expression is the propagation loss coefficient which is impacted by both internal absorption and scattering loss. The uniform grating strips that we used in this calculation is p-doped silicon. The depths of groove are fixed at 100, 200, 300 and 400 μm, and α can be extracted from the simulation results. The |E| intensity distribution 1 μm above the grating surface is monitored and analyzed, as demonstrated in Fig. 6 . We can see that the peaks of those modes decrease along the light propagating direction. The propagation decay coefficient α can be extracted by fitting the peaks of the intensity with exponential functions with different groove depths at the same frequency 0.123 THz. We extract the propagation loss α from the intensity distribution along the grating surface. The propagation decay coefficient α shows a trend of gradualy increase with the deep grooves, as revealed in Fig. 7(a) . Meanwhile, the group velocity v g can be obtained from the dispersion relation of SPPs. We can calculate the v g as follows [25] :
According to the dispersion relation shown in Fig. 3(b) , v g is close to zero at the cutoff frequency and decreases as the groove depth increases. The lifetime of SPPs can be calculated by bringing v g and α into the equation (3) . As shown in Fig. 7(b) , the SPPs lifetime is estimated at the frequency 0.123 THz. Blue dots are the extracted data for various depths and the red line is an exponential growth fit to guide the eyes. As we can see, the SPPs lifetime becomes longer with the increase of groove depth. On account of the fact that the growth rate of α is slightly larger than the reduction rate of v g , the SPPs lifetime grows with the increase of the depth of grating. In most research on the graded metallic grating structures, the photon lifetime, is short because of the strong metal absorption in the near-infrared and visible domains [25] . In this research, more than 12 times of the SPPs lifetime results from less absorption of silicon compared with metal [24] . The calculation result indicates that the value of lifetime could reach approximately 1200 ps.
Conclusion
In this work, SPPs propagating at the surface of grating grooves based on highly-doped silicon, which exhibit metallic properties, are proposed to achieve rainbow trapping in THz region. The dispersive properties of the gradient-corrugated grating waveguides are characterized using the computer simulation technology. In addition, the propagation characteristics of the silicon grating structure are analyzed by the dispersion curves, 2D electric field magnitude distributions, the propagation loss and the SPP lifetime. The lifetime of the structure reaches the value of 1200 ps, which paves the way for applying the highly doped silicon grated grating structure in the slow light system for THz devices. The highly-doped silicon could replace silver or other metals and is potential for the development of optical communications, which can contribute to realizing compact plasmonic devices at THz frequencies.
